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Abstract: Abating the dependence of the United States on foreign oil by reducing oil consumption and increas-

ing biofuels usage will have far-reaching global effects. These include reduced greenhouse gas emissions and an 

increased demand for biofuel feedstocks. To support this increased demand, cellulosic feedstock production and 

conversion to biofuels (e.g. ethanol, butanol) is being aggressively researched. Thus far, research has primarily 

focused on optimizing feedstock production and ethanol conversion, with less attention given to the feedstock sup-

ply chain required to meet cost, quality, and quantity goals. This supply chain comprises a series of unit operations 

from feedstock harvest to feeding the conversion process. Our objectives in this review are (i) to summarize the peer-

reviewed literature on harvest-to-reactor throat variables affecting feedstock composition and conversion to ethanol; 

(ii) to identify knowledge gaps; and (iii) to recommend future steps. © 2010 Society of Chemical Industry and John 

Wiley & Sons, Ltd
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Introduction

G
lobal extraction of oil is expected to peak in the near 
future, if it hasn’t already.1 Dwindling oil supplies, 
coupled with concerns over the impact of increasing 

atmospheric CO2 levels from the combustion of fossil fuels,2 
have led many countries to adopt aggressive programs to 
rapidly develop and deploy renewable sources of energy. 

Because of the dependence of the transportation sector on 
petroleum-based liquid fuels, much of this eff ort has focused 
on developing alternative liquid transportation fuels. In the 
USA, signifi cant research attention has been directed toward 
bioethanol derived from both fi rst- and second-generation 
feedstocks (starch and lignocellulosic biomass, respectively), 
with ethanol derived from the former being produced at an 
industrial scale both in the USA and throughout the world. 
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Globally, ethanol production has increased dramatically 
over the last fi ve years. In 2008, worldwide ethanol produc-
tion exceeded 64 billion liters, 53% and 38% of which was 
produced in the USA (using corn grain as the main feed-
stock) and Brazil (using sugarcane as the main feedstock), 
respectively.3

In addition to being the world’s largest producer of etha-
nol, the USA is the world’s top consumer of crude oil and 
the second largest greenhouse gas (GHG) emitter, behind 
China. An average of 20 680 000 barrels (3 287 857 m3) of oil 
per day were consumed in the USA in 2007, which amounts 
to approximately 24% of the 2007 worldwide oil consump-
tion.4 Burning fossil fuels to accommodate transportation is 
responsible for the emission of roughly 5720 Tg CO2-equiva-
lents annually.5,6 Because the USA is responsible for a dis-
proportionate amount of global oil consumption and GHG 
emissions, signifi cant improvements in renewable fuels use 
by the US transportation sector will have far-reaching global 
implications on petroleum availability and atmospheric CO2 
level increases.

Progressive legislation to help curb oil consumption and 
GHG emissions is beginning to take hold in the USA at 
both the state and federal levels.7,8 For example, the 2007 
Renewable Fuel Standard (RFS), which is mandated in the 
Energy Independence and Security Act of 2007 (EISA), 
is intended to spur the growth of advanced and cellulosic 
biofuels industries by promoting research in these areas 
and mandating aggressive market penetration targets. 
Th ese targets culminate in the year 2022 with a minimum 
annual production volume of 36 billion gallons per year 
(bgy) of renewable fuel, of which 16 bgy are targeted to be 
derived from cellulosic materials, 4 bgy are envisaged to be 
‘advanced biofuel’, and 1 bgy will be biomass-based diesel.8 
Th ough not explicit in the bill, the remaining 15 bgy of 
renewable fuel will most likely come from corn-grain-based 
ethanol because the industry is well established and is on 
track to easily meet, if not exceed, this production volume 
within a few years. 

Although the increasing use of renewable transportation 
fuels is promising, commercial production of these fuels is 
fraught with serious logistical issues; top among them is sus-
tainable feedstock availability and economic feedstock sup-
ply. Assuming that the RFS goals will be met with  ethanol, 

it is estimated that the nation’s biorefi neries will need 700 
million metric tons of biomass annually by the year 2022 
(assuming current cellulosic and corn grain ethanol yields).9 
A 2005 report by the US Department of Energy and the US 
Department of Agriculture (DoE and USDA, respectively) 
estimated that the USA has the potential to displace up 
to 30% of its 2004 petroleum consumption, equivalent to 
227 billion liters of ethanol on an energy-adjusted basis, with 
renewable ethanol.9 Th is optimistic estimate is contingent 
on signifi cant improvements across the entire feedstock 
production supply chain, such as feedstock yield improve-
ments of 50%, dramatic land-use changes including the use 
of idle cropland for bioenergy crop production, 75% removal 
of crop residue, and universal adoption of reduced and/
or conservation tillage practices, to name a few.9 However, 
the sustainability of harvesting such large quantities of 
biomass, in terms of soil carbon balance, was not consid-
ered. For example, studies suggest that to maintain soil 
carbon levels, agricultural residues cannot be removed in 
large quantities, and in some instances cannot be removed 
at all.10,11 Furthermore, the impact of expanding dedicated 
energy crop production to meet expected cellulosic ethanol 
demand could have negative global impacts if this expan-
sion occurs on lands that are currently used for crop pro-
duction or if high-carbon lands are converted to produce 
dedicated bioenergy crops.12,13 In addition to conventional 
production of dedicated energy crops and collection of agri-
cultural and forest residues, several synergistic production 
options have been suggested that utilize non-arable lands 
and/or degraded lands in conjunction with polycultures 
of native fl ora. Such strategies take advantage of lands that 
do not compete with current agricultural production as 
well as mixtures of legumes and forbs that reduce nutrient 
demand;14,15 however, such options have not been part of a 
national-level resource assessment. At time of writing, DoE 
and USDA are updating their original biomass availability 
estimates. 

Biomass-to-ethanol yield (volume of EtOH per mass of 
feedstock) at the biorefi nery and delivered feedstock cost 
(which encompasses all feedstock production, harvest, and 
pre-processing steps) are two of the key parameters aff ect-
ing both ethanol selling price and the overall sustainability 
of bioethanol production. Understanding how upstream 
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 processes – such as feedstock harvest and collection, han-
dling, transport, storage – and pre-processing aff ect bio-
chemical conversion will identify areas that off er opportuni-
ties to make the feedstock more compatible with conversion 
processes while decreasing supply cost. Th e objectives of 
this review are (i) to summarize the peer-reviewed literature 
with regard to the primary harvest-to-reactor throat vari-
ables that aff ect feedstock composition and conversion to 
ethanol; (ii) to identify current knowledge gaps; and (iii) to 
recommend steps needed to move the science forward. Th is 
review is focused on biochemical conversion (dilute-acid 
simultaneous saccarifi cation and fermentation) of cellulosic 
biomass derived from both agricultural residues and dedi-
cated energy crops. Logistics associated with other cellulosic 
conversion technologies, such as pyrolysis and gasifi cation, 
will likely be very diff erent than logistics associated with 
biochemical conversion, particularly with regard to the pre-
processing steps needed. Discussion of the logistics needed 
for these technologies deserves their own treatment and is 
beyond the scope of this review.

Farm-to-reactor throat processes

From the time a biomass crop is ready for harvest to when 
it is eventually fed into a bioreactor, several unit processes 
occur (Figure 1). Regardless of whether a particular feed-
stock is a dedicated bioenergy crop or an agricultural or 
woody residue, it will be harvested, transported, queued 
and/or stored, and pre-processed before it can be fed into 
a bioreactor. Th e remainder of this review will focus on 
these key unit operations and their eff ects on biochemical 

conversion to ethanol, with emphasis on enzymatic hydroly-
sis as a conversion method.

Harvest timing

Harvest timing can have signifi cant impacts on biomass 
yield, chemical composition and moisture content. 

Biomass yield

Harvest strategies specifi c to bioenergy crops are evolv-
ing, yet there remains a limited number of studies that are 
specifi c to the harvest of cellulosic feedstocks. Although the 
basic goal of optimizing material collection and minimizing 
uncontrolled losses remains the same, such strategies are 
likely to diff er from those for forage and/or commodity-type 
crops. Attributes that are desirable from a biochemical con-
version standpoint are somewhat diff erent than those from a 
livestock nutritional aspect. It is important for both biomass 
producers and biorefi neries to balance the economics of har-
vest timing with biomass yield, harvest window, and optimal 
composition. Harvest management (e.g. harvest timing) has 
been shown to signifi cantly aff ect biomass yields in switch-
grass, with some cultivars of switchgrass attaining 50% 
greater yields when harvested twice per season compared 
with one harvest per season.16,17 In contrast, other stud-
ies have shown that maximum switchgrass biomass yields 
are achieved with a single harvest during the R3 to R5 crop 
growth stage (mid-reproductive stage).18 

Th ese studies illustrate the regional diff erences in man-
agement required to maximize yields of the same species 
grown. McLauchlin et al. suggest that the yield diff erences 
observed among the harvesting strategies (one vs two 

Figure 1. Conventional feedstock supply system designs consist of a series of 

unit processes which include harvest and collection, storage, transportation and 

handling, receiving and pre-processing. In the conventional supply system pre-

processing occurs only at the depot located adjacent to the conversion facility. 

(Figure from Hess et al.28 used with permission.)
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harvests per season) are because of water availability diff er-
ences.17 Th e two-cut system produces higher overall yields in 
areas that are less climatically variable. In contrast, switch-
grass grown in areas that have water availability issues will 
have the greatest yields with only one harvest per season. 
Th e authors attribute this to the two-harvest system imped-
ing deep root development and thus access to soil water.17 
Th ese results underscore the need to develop regionally 
specifi c management guidelines for feedstock producers. 
Furthermore, it is unclear whether these fi ndings are appli-
cable to other dedicated herbaceous bioenergy crops, such as 
miscanthus and mixed prairie grasses, as these questions are 
currently unanswered.

Th e time of year that biomass is harvested is important 
from both a logistical and a compositional perspective. 
Delaying harvest until aft er a killing frost (late fall/early 
winter) is common practice for many forage crops. Delaying 
harvest until spring, however, can have undesirable yield 
consequences. For example, spring-harvested miscanthus 
and switchgrass have been shown to have signifi cant bio-
mass yield losses compared with fall-harvested biomass.19,20 
Th e primary reason for the observed yield loss is over-winter 
lodging (i.e. the plant has fallen over), which is exacerbated 
by winter snow accumulation and/or rainfall. Biomass that 
has lodged cannot be collected using conventional cutting 
and baling equipment. Adler et al.20 found that switchgrass 
harvested with standard harvesting equipment during the 
fall resulted in the collection of 79% of the total standing 
biomass; 21% was left  on the fi eld. In contrast, switchgrass 
harvested during the spring resulted in the collection of only 
55% of the total standing biomass.20 

Similarly, crop residues have been shown to have the high-
est biomass yields when co-harvested with the primary crop. 
In a study by Pordesimo et al. biomass yields for corn stover 
were shown to be greatest when harvested at the same time as 
the grain.21 During grain harvest, the stover is damaged by 
the harvesting and transportation equipment, which exacer-
bates lodging and material loss. On the other hand, research 
suggests that although biomass yield may be lower for spring 
harvest, the nitrogen fertilizer input needed for the following 
growing season may also be lower because nitrogen relocates 
to the crowns following a killing frost. Being translocated 
to the crowns allows the nutrient to be used by the crop the 

following growing season, as opposed to being lost with the 
harvested material. Th is could be advantageous from many 
standpoints, including feedstock production economics and 
the overall sustainability of the feedstock production phase. 
Also, since spring harvest leaves more residues on the fi eld 
compared with fall harvest, this could be part of a best man-
agement practice for situations when biomass needs to be left  
on the fi eld to maintain soil carbon and moisture as well as 
to prevent erosion. A study that examines the life cycle eco-
nomic and sustainability tradeoff s between fall and spring 
harvest could help to resolve this issue. 

Chemical composition

In forage studies, harvest timing has been shown to signifi -
cantly aff ect chemical composition and thus forage quality 
(i.e. ruminant digestibility, nutritive content). Because of 
seasonal and diurnal nutrient and chemical cycling within 
the plant, the time of year and the time of day of harvest 
have been shown to infl uence forage quality.22 Both peren-
nial and annual plants cycle nutrients and plant metabolites 
through their vascular tissues in response to temperature 
and photoperiod. For example, sorghum harvested during 
the vegetative crop growth stage (i.e. before fl owering) has 
been shown to have improved livestock nutritive value com-
pared with sorghum harvested at a later crop growth stage.23 
In a forage sorghum cropping trial, Prostko et al.24 found 
that harvest timing had a signifi cant eff ect on protein, acid 
detergent fi ber (ADF), and neutral detergent fi ber (NDF), 
with all components being lowest when the crop was har-
vested at the soft -dough crop growth stage (15–25 days aft er 
fl owering25). Th e eff ect of harvest timing on forage nutritive 
content and digestibility is likely attributable, in part, to 
the rapid translocation of sugars, amino acids, and proteins 
from the plant vascular tissues to the kernels following the 
fl owering stage.25 Although harvest timing clearly infl uences 
characteristics that aff ect forage quality, strategies to maxi-
mize forage quality may not be applicable to maximizing 
ethanol feedstock quality. 

Feedstock quality and composition is signifi cantly aff ected 
by harvest timing because the location and concentration 
of sugars within the plant changes in response to environ-
mental and physiological cues.20 Crop maturity at the time 
of harvest aff ects the quantity of soluble sugars and the 
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ease with which glucans are extracted from the substrate.26 
Dien26 found that in general, the percent glucose recovery 
decreased signifi cantly with increased crop growth stage for 
switchgrass, reed canary grass, and alfalfa under dilute-acid 
pre-treatment conditions. Although the cell wall glucose and 
non-glucose sugar concentrations increased with maturity, 
lignin also increased, which signifi cantly inhibited the sugar 
recovery during pre-treatment.20,26 In contrast, the non-glu-
cose sugar recovery was not aff ected by maturity, but rather 
by its concentration in the plant tissue and the pre-treat-
ment temperature. Pordesimo et al. found that corn stover 
fractional composition changed signifi cantly following the 
fl owering stage (R1 crop growth stage). Stover becomes less 
amenable to biochemical conversion aft er fl owering because 
the lignin and xylan contents increase concurrent with 
decreasing soluble solids content (total glucan less structural 
glucan).27 As plants mature, non-cell-wall carbohydrates are 
reduced relative to structural carbohydrates.26 Reduced solu-
ble carbohydrate concentration has implications on overall 
conversion because these soluble carbohydrates are directly 
fermentable without pre-treatment but at the same time are 
highly susceptible to degradation.26 From these studies, it can 
be surmised that the feedstock composition most amenable 
to biochemical conversion occurs when the feedstock is har-
vested earlier (i.e. aft er the fl owering stage) rather than later 
in the season. However, as we will discuss later, early harvest 
has other logistical issues that need to be balanced with opti-
mal feedstock composition for conversion to biofuels.

Water content 

In addition to aff ecting biomass chemical composition, 
harvest timing also has a direct infl uence on the water 
content of the harvested feedstock. Th e water content of 
the harvested feedstock can signifi cantly aff ect transpor-
tation requirements, energy usage at the refi nery (i.e. for 
feedstock drying and comminution), stability of the stored 
material, and available energy content (e.g. lower heating 
value (LHV)).19,20 Although herbaceous feedstocks are oft en 
dried in a windrow to reduce moisture content prior to bal-
ing, some advanced harvesting and collection strategies 
are being developed that cut and collect the biomass in a 
single pass, increasing the harvest window and decreasing 
dry matter losses.28 Harvest timing should be examined in 

the context of the entire ethanol supply chain (e.g. life cycle 
assessment) to develop a clear understanding of the trade-
off s and advantages of various harvest strategies in relation 
to biomass composition and quality. 

Harvested components

Th e chemical composition of diff erent plant components 
varies depending on the physiological function of each 
component. Determining which plant components are most 
effi  ciently converted to ethanol will likely become impor-
tant, especially with regard to the collection and use of 
agricultural residues. Once thought of as a waste product, 
agricultural residues have been shown to have an important 
role in preventing soil erosion, maintaining soil moisture, 
and maintaining soil organic carbon,10,11,29–31 in addition to 
providing feed and bedding for livestock.32 Developing strat-
egies that selectively harvest ‘high-value’ plant components 
for ethanol conversion, while leaving the rest on the fi eld to 
decompose, may help balance energy needs with soil sus-
tainability needs.

By weight, standing corn stover (excluding cob and grain) 
is composed of approximately 25% sheath, 36% blade, and 
39% stem.33 Th e brittle nature of the leaf makes it diffi  cult to 
eff ectively harvest. Both sheath and blade proportions have 
been found to be much lower in baled stover than in stover 
that is standing in the fi eld.33 From a conversion perspec-
tive, this is problematic, because the stems contain higher 
amounts of lignin compared with the leaf components. Th e 
higher recalcitrance of the stems necessitates harsher pre-
treatment prior to conversion. 

Glucose production following enzymatic hydrolysis 
has been shown to vary signifi cantly for diff erent corn 
stover fractions;34 aft er 60 hours, 300% more glucose was 
hydrolyzed from cobs, leaves, and husks than from stalks. 
Duguid et al. also found that composition, and therefore 
ethanol conversion yields, varied signifi cantly among corn 
stover fractions.35 While glucan content was similar across 
husks, leaves, cobs, and stems, increases in xylan with cor-
responding decreases in lignin were observed in husk and 
cob fractions compared with the content of the rest of the 
fractions.35 Cob, leaf, and husk fractions responded better 
to both acid and alkaline pre-treatments than did stem and 
whole stover fractions. Higher yields of glucan were realized 
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under pre-treatment and enzymatic hydrolysis in non-stem 
corn stover fractions, and theoretical ethanol production 
followed these trends as well. Th e moisture content of stover 
fractions has also been shown to vary among components, 
with the stalks generally having higher moisture content 
than either the leaves or cobs.21

Similarly, wheat stover fractions showed variation in com-
position. Chaff  fractions responded well to dilute-acid pre-
treatment with an increase in glucan conversion from 16% to 
82% following pre-treatment;36 interestingly, the native leaf 
fraction (not dilute acid pre-treated) resulted in a theoretical 
ethanol yield of greater than 76%, which is not signifi cantly 
diff erent from the ethanol yield of pre-treated leaves. 

Switchgrass plant components have also been shown 
to diff er compositionally. Griffi  n and Jung37 showed that 
switchgrass stems and leaves diff ered signifi cantly on the 
basis of lignin, NDF, crude protein, and in vitro dry matter 
disappearance. Furthermore, they found that the propor-
tion of leaf/stem decreased signifi cantly following seed-head 
emergence and that the lignin content of the stem increased 
with maturity. Selectively collecting desirable plant compo-
nents (e.g. leaves) while leaving more recalcitrant material on 
the fi eld could lead to more sustainable practices both in the 
fi eld, by returning carbon and nutrients to the soil, and at the 
biorefi nery, by requiring less severe pre-treatment conditions. 

Biomass storage

Biomass storage is a key element in the biomass supply chain 
for maintaining a year-round feedstock supply to a refi nery. 
Storage infrastructure will vary depending on the feedstock 
quantity and quality needs of the refi nery as well as the con-
version technology, climate, space available for storage, feed-
stock format (i.e. bales vs pellets), and the type of feedstock. 
Th ere is a long history of biomass storage research and indus-
trial experience from the forage, pulp and paper, and agri-
cultural grains industries that off ers insights into the relative 
advantages and disadvantages of several storage options. 

Given the short harvest window for biomass, while biore-
fi neries are continuous year-round operations, the need to 
provide aerobically stable feedstock is critical to meeting the 
demands of a cellulosic biofuels industry. Feedstock mois-
ture aff ects all elements of the supply chain, and a large por-
tion of the US biomass available to support a renewable fuels 

industry will be wet (i.e. >25 w% moisture) at the time of 
harvest.28 Biomass is considered dry when it is harvested at 
or below 20–25% moisture;38 however, the moisture content 
of corn stover at grain harvest reportedly ranges from 20 to 
65 w%.39,40 Wet biomass poses two major problems in terms 
of the increased cost associated with the transport of wet 
material and the inherent instability of wet material, which 
makes it prone to microbial degradation and subsequent dry 
matter loss. Drying methods are oft en employed to mitigate 
the negative impacts of unstable wet material on the supply 
chain. A common mitigation method is fi eld drying prior to 
baling, which can signifi cantly reduce the moisture content 
of the biomass. However, the extent to which fi eld drying is 
eff ective depends on the region and the local weather condi-
tions during the harvest season. If the biomass is collected 
while wet, as would be in the case when using a single-pass 
harvester,28 mechanical dryers may be required prior to con-
version. However, the process of drying is energy intensive, 
may increase biomass recalcitrance,41,42 and comes at a sig-
nifi cant cost to the supply chain. For example, the US Corn 
Belt leads the nation in expenditure on propane, which is 
used extensively for crop drying.43

On-fi eld storage of biomass has been used as a primary 
means of storing forage for centuries and has advantages 
from both an economic and a logistical standpoint. Many 
biomass feedstocks and common forage crops can be handled 
and stored similarly (e.g. can be harvested and baled using 
standard haying equipment); indeed, many forage crops can 
be used as ethanol feedstocks. However, the biofuels supply 
chain is unlike the forage industry in that there is a need for 
a consistent and constant supply of large volumes of biomass 
to a specifi c location(s). Although convenient, baling and 
storing biomass on the fi eld or in another uncovered area has 
the potential to signifi cantly reduce both the quantity and 
the quality of the stored biomass and thus negatively aff ect 
the effi  ciency of the entire feedstock-to-ethanol system.44 
Switchgrass harvested and stored as round bales has been 
shown to lose signifi cant amounts of ethanol-extractable 
components when stored outside and exposed to weather 
events.45 Wiselogel et al. showed that switchgrass round 
bales can lose as much as 11 w% of the ethanol extract-
able components, depending on the degree of weathering. 
Outdoor bale storage on a concrete pad versus storage inside 
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a barn resulted in a 4–8% reduction of hydrolyzable glucose 
in whole corn stover aft er nearly eight months of storage.34 
Corn stover bales stored outside for up to eight months have 
been shown to have dry matter losses of as much as 18%, 
whereas corn stover stored for an equivalent amount of time 
in a covered area lost only 3% of the dry matter.38 

Shinners found that ensiled corn stover dry matter 
losses were statistically equivalent to the dry matter losses 
observed for corn stover bales stored indoors. Ensiling is a 
traditional method for crop preservation that has been in 
use for centuries, and which is still used in modern agri-
cultural practice;46 this process relies on the microbial con-
version of soluble sugars in fresh plant material to organic 
acids (e.g. lactic and acetic acids). Th e combination of low 
pH and anaerobic conditions that results from the ensiling 
process precludes the growth of detrimental fungi and bac-
teria, allowing for the preservation of dry matter. Ensiling is 
advantageous for biochemical conversion because it does not 
require fi eld-drying, which expands the harvest window,41 
resulting in greater yields (i.e. the feedstock can be harvested 
earlier in the season), and more uniform product.38 Another 
advantage of ensiled material over baled material is that it 
does not necessitate a permanent storage facility if plastic 
ensiling wrap is used. Ensiling has also been shown in some 
studies47,48 to improve the biochemical conversion of cellu-
losic biomass to ethanol. It has been suggested that the acidic 
environment of ensiled materials aids in the solubilization 
of hemicellulose.47–49 In a study of the eff ect of ensiling 
across several cellulosic feedstocks (barley straw, triticale 
straw, wheat straw, cotton stalks, and triticale hay), Chen 
found that ensiling does improve the hydrolysis of cellulosic 
biomass compared with hydrolyzing untreated biomass, but 
ensiling alone is not as eff ective as chemical pre-treatment 
strategies. A recent study by Th omsen50 reported nearly 
100% glucose recovery and 80% xylose recovery following 
hot water pre-treatment of whole crop maize silage (stem, 
leaves, and grain); however, glucan recoveries following pre-
treatment were likely high in this study due to the increased 
starch content of whole crop material relative to typical 
lignocellulosic feedstocks. Th e ethanol yield achieved for 
whole maize silage aft er low severity hot water pre-treatment 
(185 oC, 15 min) was 98% of theoretical. Th ese fi ndings dem-
onstrate the potential for silage to serve as a promising 

material for biofuel production. More work is needed to 
examine the required energy inputs as well as to determine 
how ensiling aff ects conversion of diff erent feedstocks. 
Although the water content of ensiled material is greater than 
with other storage options, a 2007 modeling study found that 
the delivered costs of ensiled switchgrass are competitive 
with baled switchgrass on a dry basis ($44–$47 dry ton–1 for 
round bales versus $48 dry ton-1 for ensiled material).51

Both wet and dry biomass storage options have been 
explored by researchers in the pulp and paper industry since 
the early twentieth century.52–54 Disadvantages of dry storage, 
such as fi re danger, prompted the pulp and paper industry to 
adopt wet storage (75–85 w% moisture) as the industry stand-
ard during the mid-twentieth century.55 In addition to reduc-
ing fi re danger, wet-stored biomass has been shown to remain 
compositionally stable for long periods of time.55 Several stud-
ies report that wet-stored bagasse is superior to fresh bagasse 
for paper making because the stored material has both higher 
holocellulose and pentosan concentrations and lower soluble 
concentrations,55 and that a reduction in the pulping require-
ments without aff ecting paper quality is observed compared 
with fresh baggase requirements. But as mentioned earlier, 
from a biochemical conversion perspective it is plausible that 
the necessary drying could be prohibitively costly unless the 
biomass was wet-stored at or very near the biorefi nery.

Pre-processing 

Biomass pre-processing (i.e. preparing the material for 
transport, storage, and feeding into the reactor) is integral 
to an effi  cient feedstock supply chain. Pre-processing is 
needed to improve material stability, improve fl owability of 
the biomass material, and increase bulk density, all of which 
decrease handling and distribution costs.28 Transport of 
unprocessed biomass can result in as much as 15% mate-
rial loss because of multiple handling operations; densifi ed 
biomass has much less material loss during transport.56 
Pre-processing decreases the particle size of the mate-
rial, increasing the surface area, which could make cel-
lulosic material more amenable to pre-treatment processes 
and enzymatic hydrolysis.57 Based on the Idaho National 
Laboratory’s (INL’s) recent feedstock logistics design 
report,28 the location of the pre-processing operation 
is envisaged to change as the cellulosic ethanol industry 
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expands to meet projected ethanol demand. According to 
its report and supporting techno-economic analysis, the 
conventional bale-based system cannot meet national-level 
biofuel cost targets (e.g. being cost-competitive with conven-
tional gasoline) such as those mandated in the 2007 RFS,8,28 
nor can it supply the quantity of biomass necessary to meet 
these goals because the delivered feedstock costs are pro-
jected to be too high. Th erefore, the INL study proposes 
moving the pre-processing operation to as early in the 
supply chain as is practical, and away from the biorefi nery 
(Figure 2). Th ese localized pre-processing depots would 
greatly improve upstream effi  ciency and increase material 
stability, which decreases losses, and would be conducive to 
blending diff erent quality feedstocks to meet the specifi ca-
tions of diff erent conversion processes. Th e pre-processing 
depots allow for a more fl exible biofuels system because the 
biorefi neries would not be constrained to local feedstock 
resources and could accept a much broader ranges of feed-
stocks. Th e ability to diversify feedstocks also supports crop 
rotations, which promote soil health. Moving beyond local 
resources allows refi neries to take advantage of capital econ-
omies of scale, which would decrease production costs and 
relieve the refi nery’s vulnerability to local supply conditions. 
Additionally, a uniform format feedstock supply can be han-
dled in existing high-capacity, proven, and effi  cient systems, 
such as those used in the grain (for a bulk solid format) or 
petroleum (for a bulk liquid format) industries, which could 
improve plant effi  ciency. Benefi ts of a uniform format system 
go further, allowing for a commodity-based biomass system 
analogous to the current grain industry, which incorporates 
small resources that are presently stranded and creates a 
consistent pricing system.28 However, all of these benefi ts 

rely on a step change from the conventional supply systems 
to a depot-style supply system.

Particle size reduction

Th e particle size reduction required as part of the pre-process-
ing operation provides the opportunity for fractionation of the 
biomass into multiple size fractions with variable conversion 
effi  ciencies. Chundawat et al. found that milled corn stover 
fractions had markedly diff erent compositional makeup across 
the range of size fractions analyzed. Larger particle size frac-
tions were found to have higher levels of xylan and mannan 
compared with the smaller size fractions; therefore, the larger 
size fractions have more hemicellulose than their smaller coun-
terparts.58 Conversely, the smaller size fractions had higher 
levels of water- and alcohol-soluble compounds. Th e authors 
attribute these diff erences in compositional make-up to the 
preferential nature of specifi c plant components to aggregate 
into diff erent size fractions upon grinding. For example, the 
authors speculate that the leaves tend to be processed into the 
fi nest fractions, while the more resistant materials such as the 
stems tend to separate into larger-size fractions.58 

Particle size and size fractionation have signifi cant eff ects 
on the pre-treatment and conversion processes. As men-
tioned previously, particle size reduction increases the 
surface area of the substrate, which can lead to improved 
enzymatic hydrolysis under certain conditions.59 However, 
increased surface area is not optimal for all feedstock and 
pre-treatment processes. Reduced particle size has been 
shown to improve enzymatic hydrolysis of corn stover pre-
treated using ammonia fi ber explosion (AFEX), but to be 
deleterious to the conversion of steam-explosion-treated 
wood chips.60 Other studies indicate that particle sizes 

Figure 2. Advanced uniform-format feedstock supply system designs adapt 

lignocellulosic biomass to current high-effi ciency logistics systems by pre-

processing the biomass into a high-density/aerobically stable material at or near the 

point of the resource origination. (Figure from Hess et al.28 used with permission.)
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below a certain level (40-mesh; ≤420 μm) have no eff ect 
on biomass digestibility and conversion.61–63 Although the 
production of pellets is energy intensive, pelletizing biomass 
feedstocks is one potential means of pre-processing biomass 
into a high bulk density, aerobically stable, fl owable mate-
rial. Pellets, fl our, granules, and biocrude are all densifi ed, 
uniform formats being considered by the INL28 to meet the 
nation’s long-term biofuels production cost and quantity 
goals. Although several studies have examined the chemical 
composition and biochemical conversion effi  ciencies of the 
diff erent size fractions that result from grinding/milling cel-
lulosic biomass, there is a dearth of information on the eff ect 
that biomass pelletization has on the pre-treatment and 
conversion processes. All components of the supply system 
need to be optimized together to minimize system cost. For 
example, ensiling may be an advantageous storage option for 
some conversion platforms that use a wet material; however, 
transportation and handling costs are higher. Alternatively, 
pelletizing requires signifi cant energy resources for drying 
and pellet formation, but the resulting format is cheaper to 
handle and transport and is a more suitable feedstock for 
processes that require a dry material. 

Conclusions

Aft er review of the literature, it is salient that more research is 
needed to establish clear harvest, pre-processing, and storage 
strategies that are specifi c to feedstocks for ethanol produc-
tion. Literature indicates that fall-harvested biomass generally 
results in higher yields, but spring-harvested biomass may 
have advantages in terms of sustainability. Further study is 
needed to quantify the relative advantages of specifi c harvest 
strategies over the entire life cycle of cellulosic ethanol. Much 
of the literature on harvest strategies and chemical composi-
tion of biomass is from forage studies, which rely on indica-
tors of forage quality (e.g. NDF, ADF, protein) as a basis for 
analysis. More work should be performed that focuses on the 
chemical constituents that are important from a biochemical 
conversion perspective. Storage research specifi c to ethanol 
feedstocks is also lacking. Studies indicate that storing bio-
mass outside and uncovered results in both material loss and 
loss of feedstock quality. Some studies suggest that ensiling 
or other wet-storage options have benefi ts such as improved 
chemical stability and less storage space. However, none of 

the studies address the additional energy inputs that would be 
needed to transport and dry the wet biomass. 

Signifi cant research gaps exist in the areas of harvest tim-
ing, storage strategies, and biomass pre-processing. Th ese 
unit processes have signifi cant eff ects on biomass yield, 
material loss, energy consumption, system cost, and chemi-
cal composition. Improved understanding is needed in these 
areas to optimize the feedstock supply chain and to facilitate 
large-scale deployment of biomass-based liquid transporta-
tion fuels in the USA and abroad.

Pre-processing biomass into a more easily transported 
and handled material is needed to facilitate large-scale 
deployment of biomass-based liquid transportation fuels. 
Additionally, a network of pre-processing depots would pro-
vide opportunities to increase feedstock quality and enhance 
supply system logistics costs. However, in the peer-reviewed 
literature there is a dearth of comparative studies that exam-
ine multiple pre-processing options. 

Th e eff ect of diff erent pre-treatment strategies on com-
position and conversion effi  ciency is well understood but 
continues to evolve. Work continues to bring pre-treatment 
technologies from bench and pilot scales to demonstration 
and commercial scales; increased solids loadings and higher 
throughput methodologies are currently receiving much 
attention. As many regulatory agencies throughout the 
world move toward holistic assessment of biofuels using life 
cycle assessment tools, there is a real need to examine key 
processing steps from a life cycle perspective. 
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